Competitive ability is a major determinant of fitness, yet why individuals vary in their ability to compete for resources remains unclear. Rather than simply reflecting inherent differences in the ability of individuals to reach an assumed optimum behavior, empirical evidence suggests that competitive ability may also reflect alternative strategies that arise because of correlations with other behaviors, such as innovativeness and personality. We examined experimentally how 2 behavioral traits-exploration of a novel environment (an index of the reactive-proactive personality axis) and performance in a novel lever pulling task (a measure of innovativeness)-were related to the outcomes of dyadic contests involving wild-caught great tits. Dyads were then allowed to compete freely at a feeder before being exposed to a novel string-pulling task. Although we found no significant relationship between exploration behavior or innovativeness in isolation and competitiveness, individuals that were less competitive were more likely to spontaneously perform the string-pulling behavior during the dyadic trials, the first direct experimental demonstration of competitive exclusion leading to innovation. Our results support the hypothesis that innovations provide a means for less competitive individuals to access resources in line with the "necessity drives innovation hypothesis", and we discuss the functional significance of innovative behaviors in wild populations.
INTRODUCTION
Competitiveness is the ability of an organism to gain access to resources in the presence of others and is a fundamental aspect of ecology (Begon et al. 2006) . Individual variation in the ability to compete can lead to unequal resource acquisition during scramble competition (Kruijt and Hogan 1967; Lekve et al. 2002) . Competition can occur directly or indirectly, with the outcomes of direct competitive interactions typically determined by an asymmetry of intrinsic characteristics between competitors, including physical, cognitive and behavioral traits (Taylor and Elwood 2003; Arnott and Elwood 2009) . Age, sex, and associated morphological traits (e.g. body size, weight, and color) can be key indicators of an individual's ability to compete and play a crucial role in reducing antagonistic interactions between unfamiliar competitors, and determining individual ranking within social hierarchies (Huntingford and Turner 1987; Møller 1987; Piper and Wiley 1989; Hardy and Briffa 2013) . Despite the clear advantages to being a better competitor, the associated physiological costs, including increased energy expenditure (Praw and Grant 1999) , higher exposure to oxidative stress and stress hormones (Creel 2001; Beaulieu et al. 2014) , and decreased long term survival (Johnston et al. 2013 ) may limit individual competitiveness. Constraints caused by links to other behavioral traits also raises the possibility that competitive ability reflects alternative life history strategies amongst individuals, covarying with behavioral syndromes (Wolf et al. 2007) . Behavioral syndromes are suites of correlated behavioral or "personality" traits that display consistent variation amongst individuals (Sih et al. 2004) . They include correlations of a single behavior within a behavioral context, or across different contexts, or correlations among different behaviors (Sih and Bell 2008) .
As with other correlated traits in evolutionary ecology, behavioral syndromes can ultimately lead to fitness trade-offs by constraining behavioral plasticity in variable conditions and across contexts (Sih et al. 2012) . One of the most commonly studied syndromes, the reactive-proactive axis, involves the relationship between boldness, aggression, activity, and a whole range of other behavioral traits (Koolhaas et al. 1999) . Typically, boldness in novel situations correlates positively with aggressiveness and activity levels (Veerbeek et al. 1996) , and while bolder, more risk prone, proactive individuals prioritize immediate resource gain over long term survival, the converse is true for shy individuals, who are more responsive to environmental stimuli (reviewed in- Réale et al. 2010) .
Limited behavioral plasticity plays an important role in regulating social interactions between individuals (reviewed in- Briffa et al. 2015) . Aggressiveness, one aspect of the reactive-proactive axis, correlates positively with social dominance in both captive and wild great tits (Parus major), determining resource acquisition in group foraging situations (Blanchard et al. 1988; Verbeek et al. 1996; Cole and Quinn 2012) . Proactive individuals are also more routine forming and less likely to change their behavior in response to environmental stimuli than reactive individuals (Verbeek et al. 1994; Kurvers et al. 2010; Nichlaus et al. 2015) . Evidence from wild populations supports the idea that certain personality types may be adaptive in different environments such as along ambient temperature gradients, or under different predation pressure regimes (Réale and Festa-Bianchet 2003; Goulet et al. 2016) . Density dependent selection on personality traits has been observed in several populations which may be mediated by the outcomes of competitive interactions Quinn et al. 2009; Nicolaus et al. 2016) .
Social dominance and competitive ability have also been linked to cognition (Reader and Laland 2003) . Cognition describes how individuals perceive and process environmental stimuli and use the information to modify their behaviors (Shettleworth 2010) . Traditionally, behavioral ecologists have focused on the ecological relevance of cognitive traits across populations and species (Thornton and Lukas 2012) . More recently focus has shifted towards cognitive and life history variation within populations (reviewed in-Dukas 2004; Thornton and Lukas 2012; MorandFerron et al. 2015) . Across taxa, studies have revealed genetic and phenotypic correlations between cognitive abilities and several key determinants of life history, including competitiveness (Mery and Kawecki 2003; Cole and Quinn 2012; Hollis and Kawecki 2014) , longevity (Burger et al. 2008) , and fecundity (Cauchard et al. 2013; Cole and Quinn 2012) . Innovation-that is, the invention of a novel behavior, or the performance of an existing behavioral process in a novel context-is one such trait, likely a composite of cognitive and personality components (Griffin and Guez 2014a; Sol 2015; Morand-Ferron et al. 2015; Quinn et al. 2016) . Individual variation in innovation is likely to be caused in part by physiological mechanisms such as stress response, which can influence motivation, metabolic rate and how individuals respond to environmental stimuli (reviewed in -Cockrem 2007; Carere et al. 2010; Morand-Ferron et al. 2015) . In general, the "necessity drives innovation" hypothesis argues that in circumstances where an individual's behavioral repertoire fails to grant access to resources, innovations should be more common (Reader and Laland 2003) . Resource exclusion can be caused by environmental gradients, for example climate or habitat, but the social environment may also contribute, by limiting access to resources for less competitive individuals. The importance of competition as an agent that promotes alternative behavioral strategies in the wild has been noted in the field of evolutionary ecology for a number of years (West-Eberhard 1983; Gross 1996) . Innovators may circumvent direct competition with more dominant conspecifics through novel foraging strategies, allowing them to access alternative resources (Reader and Laland 2003; Griffin and Guez 2014) . Several studies have identified negative correlations between competitive ability and innovative propensity (Cole and Quinn 2012; Thornton and Samson 2012; Aplin et al. 2013) ; however, no study has yet identified the functional mechanisms underlying this relationship.
In this study we explored the hypothesis that individual competitive ability was simultaneously linked to a component of the reactive-proactive personality axis-exploratory behavior in a novel environment-and innovativeness in wild great tits temporarily brought into captivity. We first assayed exploration behavior and innovativeness of captive birds in isolation. Our aim was to examine how these traits predicted aggressiveness, dominance and realized resource holding potential between great tit dyads competing at an artificial feeder under 2 experimental treatments. The first trial allowed the birds to access the feeder without restriction, whereas in the second trial, we restricted feeder access to a single delivery point to promote competitive interactions within dyads. While controlling for age and sex effects that can influence dominance hierarchies amongst great tit flocks, we predicted that exploration scores would positively correlate with competitive ability and aggressiveness and that innovators would be less competitive at the feeder, in line with previous observational studies (Cole and Quinn 2012) . In a third trial, the dyads were simultaneously exposed to an easily extracted, but less preferred food item from a feeder with a single delivery point (promoting competitive interactions) and a device containing a highly preferred valuable food resource, that required innovative problem solving to access. We predicted that individuals that had been less competitive at the feeder during trial two would be more likely to perform this innovation than their more competitive counterparts, and that birds that had been innovative during assays in isolation would also be more likely to innovate during the experiment.
METHODOLOGY

Capture and housing
Great tits (Parus major) were trapped at 8 woodland sites in the Bandon Valley, Co. Cork, Ireland. Trapping occurred at supplemental feeding sites using mist nets, from January to March 2015 (n = 132) and January to March 2016 (n = 64). Birds were trapped in 2016 in order to recapture individuals and calculate between season repeatabilities. All unringed individuals were fitted with a unique British Trust for Ornithology (BTO) metal leg band on one leg, and a passive integrated transponder (PIT) tag attached to a moulded plastic ring on the other leg. Birds were aged (less than 1 year, or older than 1 year) and sexed based on plumage characteristics (Svensson 1992) . Biometrics were recorded for each individual (wing length (mm), tarsus length (mm), body mass (g)). Birds were transported to an aviary located in University College Cork within two hours of trapping. All birds arrived in the aviary before 15:30 allowing individuals time to habituate to captivity and feed before dark. A maximum of 14 great tits were trapped per catching session. All ringing activity was carried out under license from the BTO and National Parks and Wildlife Service (NPWS) Ireland, and procedures sanctioned by UCC's ethics committee and the Health Products Regulatory Authority (HPRA) of Ireland. All birds were subsequently released at the site of capture within 6 days, after further cognitive and behavioral assays.
In the aviary, subjects were housed in individual wire mesh cages (45 × 50 × 60 cm) containing two wooden perches, 2 food bowls and a water bowl. An unset problem-solving device and a dummy camera were attached to the inside of the cage to limit neophobic responses to the device when testing began. Birds were visually isolated from one another and kept under a 10 h daytime/14 h nighttime light regime. Up to 14 birds could be housed at one time, with numbers ranging from 3 to 14 throughout the season. Subjects were fed a mixture of black sunflower seeds (15 g), peanuts (15 g) and mealworms (Tenebrio molitor; 20 g), which were available in the home cage, excluding periods of enforced food deprivation prior to certain behavioral assays.
We monitored the food intake of a subsample of individual great tits in captivity during winter 2015 (n = 76). Twice per day (10:30 and 16:00) we removed and replaced food bowls and base trays from the cages, retrieving any food items that were dropped uneaten on the floor of the cage. The uneaten food was weighed and subtracted from the initial amount provided to estimate of food intake in the intervening period. Using caloric values established in Gibb (1957) , we calculated the caloric intake of each individual on the first day in captivity from the time of entry to captivity until 10:30 the subsequent morning.
Problem solving assay
One hour before dark on the day of capture, we primed the problem solving devices (based on Cole et al. 2011; Figure 1a) . Mean time between arrival in captivity and commencement of the problem solving task was 3.19 h (se = 0.19; range = 1-6 h). The task consisted of a clear Perspex cylinder attached vertically to the inside of the cage next to the front most perch. A metal platform was supported horizontally 10 cm from the top of the cylinder, by a wooden lever set perpendicular to the perch. The device was baited with 3 waxworms (Achroia grisella), a preferred food item for great tits (O'Shea W, personal observation). In order to solve the task, individuals had to fully remove the wooden lever causing the platform and rewards to fall into a tray under the device (Figure 1a ). Individuals were not food deprived for this experiment; instead, we placed one free waxworm underneath the device in order to attract individuals to the task; 96% of individuals ate the free waxworm provided. Two hours after light the following morning, the experiment was terminated and solving success for each individual was recorded. Birds were classified as problem solvers (S) in isolation if they successfully removed the lever from the device and accessed the rewards or as non-problem solvers (NS) if they did not fully remove the lever from the device. These trials were not filmed; however, previous studies have found that solvers and non-solvers contact the devices a similar amount during trials (Cole et al. 2012 ; O'Shea W, personal observation). Problem solving performance (PSP) was assessed in 2015 and 2016 (total sample size = 196 observations of 167 individuals; 29 repeat measures). Previous research has shown that performance in this assay is linked to individual life history variation including fecundity, reproductive success, foraging behavior, and competitive ability in the wild (Cole and Quinn 2012; Cole et al. 2012) .
Exploration behavior
In the great tit, exploration of a novel environment is an assay of the reactive-proactive axis. We used an open field test method adapted from Verbeek et al. (1994) to test individual exploratory tendencies (Figure 1b ) in 2015 and 2016. Birds were allowed to feed for three hours following first light, after which assays were carried out sequentially on all individuals. Prior to an assay, the subjects' cage was darkened using a cover and an exit at the back of the cage was opened. The cover was kept in place until the individual flew through the opening into the observation room, which generally occurred within seconds of opening. The observation room measured 3.5 × 3 × 2.5 m and contained 5 artificial wooden trees. Trials were carried out for 2 min after the individual entered the observation room. Aside from the 5 artificial trees, subjects could land on window ledges, support beams, door frames, and the entrances to the cages. During the assay, all movements were noted and classified into 2 categories by a hidden observer. Movements
Figure 1 (a) Pre-trial problem solving assay based on Cole et al. (2011) . Device was presented in isolation in the subjects' cage on the first day in captivity. Lever represented by dotted line, where removal resulted in access to the rewards. (b) Pre-trial exploration behavior assay adapted from Verbeek et al. (1994) . (c) Trial 1: two subjects in the observation room with unrestricted access to feeder (n = 27 dayds). (d) Trial 2: two subjects in the observation room with restricted access to feeder (n = 27 dyads). (e) Trial 3: four string pulling were devices added to the observation room containing a restricted access feeder. Dotted line represents string with rewards attached. Birds accessed the rewards by pulling the string upwards and grasping with their feet (n = 27 dayds).
within a tree or perch were classified as hops, while movements between trees or other perches within the room were classified as flights. After the 2-min period had elapsed, the observation room was darkened and the bird was returned to its original cage. All trials were scored by the same observer (WOS). The results of 8 tests were omitted (n = 6 in 2015; n = 2 in 2016) due to audible disturbances that significantly altered the behavior of the subjects during exploration behavior trials. The number of flights and the number of hops were entered into a Principal Component Analysis. The first component (PC1) explained 78% of the observed variance. Thus, PC1 was used as our estimate of exploration behavior (EB) for each individual, with higher scores indicating more proactive, exploratory individuals (total sample size = 188 observations of 161 individuals; 27 repeat measures).
Competition experiment
The experiment was carried out on birds captured in 2015. The experimental design consisted of three trials. In the first, pairs of great tits were allowed to feed at an unrestricted feeder containing peanuts, which are a less preferred food type than live invertebrates for great tits (Serrano-Davies et al., unpublished; Figure 1c ). In the second, access to the peanut feeder was restricted to a single point with the aim of increasing competition between birds ( Figure 1d ).
In the third trial, in addition to the restricted access feeder with peanuts, we placed in the room highly preferred food items (mealworms and waxworms) that could only be accessed if birds performed a novel string-pulling behavior spontaneously ( Figure 1e ). Individuals were food deprived for 1 h immediately prior to trials 1 and 2 in order to ensure all individuals were equally motivated to compete for food, after which members of the dyad were moved from their respective home cages to the observation room. The observation room contained 3 artificial trees and a wire mesh peanut feeder suspended approximately 2 m above the ground from a supporting beam, with access on 4 sides. The feeder design ensured that individuals had to remain on the feeder to successfully feed, as the mesh aperture was smaller than the average peanut diameter. The feeder design used in the experiment was also used at each trapping location to ensure familiarity with the feeder. Each dyad was observed for 20 min by a hidden observer. Total time spent on feeder was recorded for each individual, which we used as an indicator of individual resource holding potential in the presence of a competitor (Lemel and Wallin 1993; Begon et al. 2006) . We also recorded any interactions that occurred between individuals during the experiment. These were categorized as one of the following 2 behaviors. Number of attempted displacements (aggressive behaviors) were defined as one bird landing within 15 cm of the other member of the dyad, either on the feeder or at other points around the room. During the experiments, birds did not land close to one another unless attempting a displacement. The number of times a bird was displaced by its opponent (losses) was also counted. Losses were recorded when an individual left its perch after its opponent landed within 15 cm (Hinde 1952; Cole and Quinn 2012) . After the trial, the observation room was darkened and individuals were transferred to their respective cages and fed.
Following 3 h of "ad libitum" feeding, the dyad was again food deprived for 1 h before being reintroduced to the observation for trial 2. Here, access to the peanut feeder was restricted with a cover, allowing only one individual at a time to access the feeder. The hidden observer noted individual feeding behaviors and any aggressive behaviors or displacements that occurred for 20 min. A locomotor activity score was recorded for a subsample of birds (n = 40) during trial 2. At a randomly selected point, the number movements (as defined during the exploration behavior assay) performed over a 2-min period were counted.
After 20 min elapsed, the experimental room was darkened and the observer placed 4 novel problem solving devices in the room, 3 m from the feeder for trial three. Multiple devices of the same design were used to prevent dominant individuals from excluding subordinate competitors from both the peanut feeder and the string-pulling devices. These devices were attached to 2 artificial trees (2 devices on each tree), and consisted of 2 live waxworms (Achroia grisella) and 3 mealworms (Tenebrio molitor) which were preferable to the peanuts available in the feeder (O'Shea W, personal observation) and suspended 10 cm below the perch by a string, secured with plastic cable ties. We found that the waxworms were relatively cryptic due to their coloration and immobility when suspended from the string. Because of this, we included mealworms to increase the visibility of rewards in the string-pulling devices. In order to solve this task, individuals had to pull the string upwards until the rewards exited the tube (Figure 1e ). The rewards were placed within a 20-cm Perspex tube, preventing access by means other than pulling the string. A free reward of one waxworm was placed on top of a string-pulling device in order to attract individuals. After the room was illuminated, the trial began when both birds returned to their normal behavior (performing at least one flight) and lasted 30 min. Time spent on the string-pulling "trees", number of interactions with the string-pulling devices (persistence) and the identity of the first individual to take the free reward from the string-pulling device were all recorded. An interaction with the device was recorded when a bird contacted the Perspex tube or the string with its feet or bill. We also measured latency to solve the string-pulling device that was defined as the amount of time between an individual first landing on the string-pulling device and a solving event. Time spent on the feeder, the number of challenges and the number of losses were recorded. All experiments were recorded by the same, single observer (WOS). After the third trial, the dyads were transferred back to their respective cages and fed "ad libitum". A maximum of 3 dyads were tested per day and all trials concluded before 17:00, allowing at least 2 h of feeding before darkness.
Statistical analysis
All analyses were conducted in R (v.3.22, R Core Team 2015) . We examined the relationship between exploration behavior and problem solving performance in the lever pulling task using generalized linear mixed effects model (GLMM) fitting problem solving performance (a binary variable) as the dependent variable and exploration behavior, day of the year (Jan. 1 = 1) and year as explanatory variables; individual identity and site were included as random factors to control for repeat measures of individuals (n = 188 observations of 161 individuals assayed for both exploration behavior and problem solving performance). We also fitted an exploration behavior × year 2-way interaction to test if the relationship between exploration behavior and problem solving performance varied between years, as evidence suggests that individual variation of performance in this style of task may be caused in part by environmental effects that can vary across years . We tested if any fixed factors influenced individual exploration behavior by fitting a linear mixed effects model (LMM) with exploration behavior as the dependent variable and day of the year (Jan. 1 = 1), year (2015 or 2016) and sequence (order of testing 1-14) and time of day, as fixed effects and individual identity as a random effect (n = 27 individuals, 54 observations). None of our predictors significantly correlated with exploration behavior (LRT: all fixed factors: P > 0.05). We therefore calculated the unadjusted repeatability of individual exploration behavior scores between seasons (using the rptR package which accommodates both Gaussian and non-Gaussian data (Nakagawa and Schielzeth 2010) . Repeatability of problem solving performance between seasons was also calculated using the rptR package. We assessed whether any fixed factors influenced individual solving success using a GLMM with problem solving performance as the binary dependent variable, day of the year (Jan. 1 = 1), year (2015 or 2016) and sequence as explanatory factors, and individual ID as a random effect (n = 29 individuals; 58 observations). Year was a significant predictor of solving success in our model (Percentage of first time solvers 2015: 25%, Percentage of first time solvers 2016: 14%; Z = −2.088, P = 0.037) so we calculated adjusted repeatabilities of problem solving success controlling for year as a fixed effect (Nakagawa and Schielzeth 2010) . The 95% confidence intervals were constructed via parametric bootstrapping with 1000 simulations. We retained information on individuals with only one measure of exploration behavior and problem solving performance in our repeatability calculations (Nakagawa and Schielzeth 2010) .
To determine if performance in the lever pulling task was due to differences in motivation caused by individual stress responses to the captive environment, we examined if time in captivity, body condition on arrival or food intake prior to and during the leverpulling assay were related to solving status. We fitted a binomial GLMM with problem solving performance in the lever-pulling task as the dependent variable. Time in captivity (calculated as the number of hours between arrival in captivity and the commencement of the problem solving assay), total caloric intake prior to and during the problem solving assay, body condition upon arrival (methods in Peig and Green 2009), age and sex were fitted as fixed factors. We were unable to control access to food for individuals before they arrived in captivity; therefore we included body condition to control for individual motivation to feed. Site was fitted as a random effect. This analysis includes only birds with food intake monitored in 2015 as we were interested in determining if variation in food seeking behaviors could have contributed to lever pulling performance. As each individual in this sample was monitored once we did not include individual identity as a random effect (n = 76 individuals).
For the analysis of whether problem solvers or non-solvers were more competitive during trials 1 and 2 (number of aggressive challenges, number of defeats, time spent on the feeder), we restricted our analysis to individuals in the 15 dyads with different problem solving performance phenotypes. For analyses of the relationship between exploration behavior and the behavioral measures recorded during trials 1 and 2, we included all 27 dyads, as our pairing procedure meant that no dyads consisted of two individuals of identical exploration scores.
GLMMs were initially used to test whether problem solving performance and exploration behavior, were related to the number of attempted displacements by the focal individual, and the number of times the focal bird was displaced by its opponent. Due to evidence of overdispersion (Bolker et al. 2009 ), a negative binomial error distribution was assumed for modeling both variables (glmmADMB package; Fournier et al. 2012) . Fixed factors included in all models were treatment (unrestricted access to the feedertrial 1, or restricted access to the feeder-trial 2), individual tarsus length as an indicator of body size, exploration behavior, sex, and age. When analyzing the restricted data set containing only dyads consisting of one solver and one non-solver, we included problem solving performance in the lever pulling task as a fixed effect. Dyad identity, site code and individual identity were included as random factors in both models. A Spearman rank correlation test was used to determine if aggressiveness was consistent between trial 1 and trial 2.
The time that the focal bird spent on the feeder during each trial, was summed across individual feeder visits to calculate the time spent on the feeder, resource holding potential, for trial 1 and trial 2. Focal bird time on feeder (s) was analyzed as a proportion of total trial time (1200 s) initially using a GLMM assuming a binomial error distribution with a logit link function. Due to evidence of overdispersion (Bolker et al. 2009 ), time on feeder was modeled using a Penalized quasi-likelihood binomial GLMM (MASS package; Venables and Ripley 2002) . Fixed factors included were trial number (1-unrestricted access or 2-restricted access), tarsus length, exploration behavior, sex, age, number of aggressive challenges attempted, and number of times the subject was displaced (defeats) during the trials. Additionally, when analyzing the restricted data set we included problem solving performance in the lever pulling task as a fixed effect. Pair identity, site code, and individual identity were included as random factors in the models. We analyzed the differences in the rate of feeder visits between the first (unrestricted access) and second (restricted access) trial using a Wilcoxon Rank Sum test.
As hunger and in turn motivation to compete may be influenced by stress levels (Lemel and Wallin 1993; Landys et al. 2006 ), we examined if more competitive individuals and less competitive individuals exhibited different activity levels during the trials, as this trait has been found to vary with circulating stress hormones (Belthoff and Dufty 1998; Breuner et al. 1998) . We fitted the number of movements recorded during a 2-min period in trial 2 as the response variable of a Poisson GLMM. Problem solving performance, exploration behavior and time spent on the feeder during that trial were fitted as fixed effects. To account for pair specific effects, we fitted dyad ID and site code as random effects (n = 40 observations). Due to evidence of overdispersion (Bolker et al. 2009 ), we analyzed the data using a negative binomial mixed effects model with the same structure as outlined above.
Individual string-pulling success was analyzed using a GLMM assuming a binomial error distribution with a logit link function (lme4 package; Venables and Ripley 2002). Because solving rates in this task were low in the restricted data set (string-pulling occurred in 5 of 15 dyads), we elected to use the larger data set (n = 27 dyads) for this analysis to maximize the number of solving events, and thus excluded lever pulling performance in isolation as a fixed factor. String-pulling success (access reward/not access the reward) was the dependent variable, while number of interactions with the string-pulling device (persistence), time spent on feeder in trial 2, number of attempted challenges, number of defeats and exploration behavior were the fixed factors. We found that the introduction of the string-pulling device led to less competition at the feeder during trial 3 and therefore time spent on the feeder during this trial was not representative of an individual's competitive ability. Thus, we included the measure from the trial immediately preceding (trial 2) in the model. When analyzing the restricted data containing only solver and non-solver dyads set we included problem-solving performance in the lever pulling task as a fixed factor. Dyad identity and site were included as random factors in the model.
We used Fishers
Exact test to analyze if order of arrival at the string-pulling device predicted string-pulling success, as well as to test age and sex effects on string-pulling success (n = 54). Fishers Exact tests were used to test if solving success in isolation was related to order of arrival at the string-pulling success (n = 54). A Wilcoxon Rank Sum test was used to test if mean string-pulling latency was significantly different between problem solvers in isolation and non-solvers in isolation (n = 7). We tested if opponent aggressiveness (the number of attempted displacements by opponent) was related to the amount of time spent on the string-pulling device with a Spearmans' Rank Correlation test (n = 54).
RESULTS
Repeatability
Individual exploration behavior did not significantly correlate with initial problem solving performance (GLMM: Z = −1.337; P = 0.181) and the relationship between exploration behavior and problem solving performance did not vary across years (Year × exploration behavior interaction; GLMM: Z = −1.528; P = 0.126). The novel lever-pulling task was solved by 23% of individuals in isolation when tested for the first time (38 solvers from 167 individuals). Individual exploration behavior for birds tested for the first time ranged between 0 and 73 movements over the two minute test period (mean ± se = 28.53 ± 1.60 movements; n = 160). Exploration behavior was significantly repeatable between seasons in our populations (r ± se = 0.387 ± 0.155; P = 0.03; n = 27 between season measures). Unadjusted repeatability of lever pulling success was not significantly repeatable between seasons (r ± se = 0.111 ± 0.151; P = 0.060; n = 29 between season measures). Controlling for year in the analysis, adjusted repeatability of lever pulling success was significant between seasons (r ± se = 0.615 ± 0.089; P = 0.022; n = 29 between season measures). Problem solving success did not significantly correlate with body condition (GLMM; Z = 1.304; P = 0.192), time in captivity (GLMM: Z = 1.736; P = 0.083) or caloric intake prior to and during the assay (Z = 0.647; P = 0.517; Supplementary Table S1).
Aggressive interactions and time on feeder
At least one bird from each dyad initiated a challenge in 98% of trials during trials 1 and 2 (mean ± SD = 4.16 ± 0.64; range 0-48 challenges). Only 21% of challenges (112 out of 534) occurred on the feeder. Birds were more aggressive towards their opponents in trial 1 than trial 2 (GLMM: Z = −3.50; P < 0.001; n = 15 dyads; Supplementary Table S2), but none of the other fixed effects were statistically significantly related to the number of aggressive challenges at the P < 0.05 level (Minimum P value = 0.087; Supplementary Table S2) . Analysis of the larger data set which also contained dyads with similar PSP scores (n = 27 dyads) produced similar results (Trial number; Negative Binomial GLMM: Z = −3.07; P = 0.002; minimum P value for other fixed effects = 0.237). Individual aggressiveness was highly consistent between trial 1 and 2 (r s = 0.800, P < 0.001; n = 54 individuals, 27 dyads).
Individuals were displaced more by their opponents in trial 1 than trial 2 (Negative Binomial GLMM: Z = −3.13; P = 0.002; n = 15 dyads; Supplementary Table S3) . Males were more likely to be displaced by their opponents than females (Negative Binomial GLMM: Z = 2.10; P = 0.036; n = 15 dyads; Supplementary Table  S3) . None of the other fixed effects were significantly related to the number of times the focal bird was displaced by its opponent at the P < 0.05 level (minimum P value = 0.129; Supplementary Table  S3) . Analysis of the larger data set which also contained dyads with similar PSP scores (n = 27 dyads) produced similar results (Trial number; Negative Binomial GLMM: Z = −2.93; P = 0.003; minimum P value for all other fixed effects = 0.168).
Individuals spent on average (± se) 111.26 s (± 9.52) on the feeder during trials 1 and 2 (range: 0-606 s). Birds spent significantly more time on the feeder in trial 2 (restricted access) than in trial 1 (unrestricted access; Table 1 ; n = 15 dyads). This difference was not due to an increase in the rate of feeder visits (Wilcoxon Rank Sum; W = 570.5, P = 0.398; n = 30), indicating the individuals were spending longer on the feeder with every visit. Lever pulling success on day 1 in isolation was not significantly related to time on the feeder subsequently during trials 1 and 2 (Table 1) . Individual exploration behavior did not significantly correlate with time spent on the feeder during our trials ( Table 1) . Analysis of the larger data set also containing dyads with similar problem solving performance produced similar results (Supplementary Table S4 ); however, birds that were more aggressive towards their opponents throughout the observation room spent significantly longer on the feeder than those individuals that were less aggressive (GLMM: t = 2.40; P = 0.020; n = 27 dyads; Supplementary Table S4 ). Visualization of the data suggested that non-solvers may be spending more time on the feeder than solvers and that perhaps the results of this analysis were related to the relatively small sample sizes involved (Supplementary Figure S1) . A power analysis using a GLM approach indicated an observed power of 0.257, which further strengthens the argument that sample size limited our ability to detect this effect. Therefore, we additionally tested if leverpulling performance was related to time on the feeder amongst dyads including those with similar problem solving scores. The result was not significant at the P < 0.05 level (GLMM: t = −1.85; P = 0.077; n = 27 dyads). More competitive individuals did not have significantly higher locomotor activity levels than less competitive individuals (GLMM: Z = −0.910; P = 0.360; n = 40; Supplementary Table S5) .
String-pulling in trial 3
Out of the 54 individuals tested, 7 spontaneously solved the string-pulling task presented during trial 3. At least 1 dyad member interacted with the device in 23 of 27 trials, but there were no recorded cases of 2 birds from the same dyad solving the string-pulling task within a Table 1 Results of a penalized quasi-likelihood GLMM analyzing the relationship between behavioral traits of the focal bird and the response variable, time spent on the feeder during trial 1 (unrestricted access) and trial 2 (restricted access) in combination Random effects included in the model were site, individual identity and dyad identity (n = 15 dyads, 30 individuals). a Trial one set to 0; b female set to 0; c adult set to 0; d problem solving performance in isolation, non-solvers set to 0; e exploration behavior; f tarsus length.
trial. Individuals that solved the string-pulling task in trial 3 had spent significantly less time on the feeder in trial 2 (mean (s) ± se = 69.57 ± 19.19; n = 47) than non-string pullers (mean (s) ± se = 139.43 ± 16.75; n = 7; Table 2; Figure 2 ). In trial 3, the number of times an individual interacted with the string-pulling device (persistence) also positively and significantly correlated with string-pulling success (Table 2) . Analysis of the restricted data set produced similar results (n = 15 dyads), though the negative correlation between time spent on the feeder and stringpulling success fell short of significance at the P < 0.05 level (GLMM: Z = −1.795; P = 0.073; n = 15 dyads). Problem solving performance in the initial lever pulling task did not significantly correlate with stringpulling success in trial 3 (GLMM: Z = 0.769; P = 0.442; n = 15 dyads).
Order of arrival at the device, an indicator of within dyad variation of a neophobic response to the string-pulling device, was not statistically significantly related to string-pulling success (Fishers Exact test: P = 0.10; n = 54). The number of times a bird was displaced in trial 3 was significantly negatively correlated with time spent on the string-pulling device in trial 3 (r s = −0.295, P = 0.030; n = 54). We found no evidence of a significant difference between ages (Fishers Exact test: P = 0.423; n = 54), or sexes (Fishers Exact test: P = 0.687; n = 54) in the proportion of individuals that solved or did not solve the string-pulling task. Latency to solve the stringpulling task for non-lever pullers (mean (s) ± se = 1098.33 ± 397.82; n = 3) was more than twice that of lever pulling individuals (mean (s) ± se = 438.5 ± 180.88; n = 4); however, the difference was nonsignificant at the P < 0.05 level (Wilcoxon Rank Sum; W = 10; P = 0.229; n = 7).
DISCUSSION
We investigated the relationship between 2 repeatable, behavioral traits, and individual competitive ability among dyads of wildcaught captive great tits. The number of aggressions performed by the focal bird positively correlated with time spent feeding, indicating that within pairs, the more aggressive bird had higher resource holding potential in the presence of a competitor. We found that innovativeness, as measured by performance in a novel problemsolving task in isolation, was not related to competitive ability, but less competitive individuals were more likely to perform innovative behaviors in a social context than more competitive individuals. The performance of innovative behaviors in isolation did not predict innovativeness in a social context, and exploration behavior predicted neither aggressiveness nor resource holding potential at the feeder.
Innovativeness and resource holding potential
Lever pulling in isolation was not significantly related to time spent on the feeder, although this may have been caused by the relatively small sample sizes involved, limiting our ability to detect this effect. In trial 3, when presented with an alternative, preferable food reward accessible by the performance of a novel string-pulling behavior, 13% of individuals solved the task. String-pulling success was negatively related to competitive ability in trial two, with string pullers monopolizing the feeder for less time than non-string pullers in trial two, as predicted by the necessity drives innovation hypothesis (Reader and Laland 2003) . Direct evidence for this phenomenon is scarce (Laland and Reader 1999b; Cole and Quinn 2012) with many studies linking innovativeness and common correlates of competitive ability in social contexts such as age, size, and dominance status (Reader and Laland 2001; Thornton and Samson 2012; Duffield et al. 2015) . Previous studies have shown individuals experiencing stress or hunger following competitive interactions may be more likely to perform beneficial innovative behaviors (Laland and Reader 1999a; Laland and Reader 1999b; Duffield et al. 2015) ; however, to our knowledge this is the first experimental evidence that shows innovative behaviors can directly benefit individuals with lower resource holding potential in a social context, by allowing access to alternative resources through novel foraging strategies. Other hypotheses, such as the "best of a bad job" hypothesis also suggest that alternative behavioral tactics can arise through social competition (Oliveira et al. 2008) . We believe that our data best fits the necessity hypothesis because the string-pulling behavior that emerges during trial 3 is wholly novel.
Our experimental design allowed us to test how innovation and competitive ability are related within age and sex classes. In contrast to other studies (Laland and Reader 1999a; Reader and Laland 2001; Thornton and Samson 2012) , we found no evidence that problem solving performance in either task was related to age or sex, suggesting that innovativeness may be an individual specific effect. Recent evidence shows that rather than genetic factors driving individual variation in problem solving performance, natal and social environmental factors are more important in the great tit system Quinn et al. 2016; Zandberg et al. 2017) . Great tits exposed to harsh conditions as nestlings, for example high local population density and poor habitat quality, are less likely to be innovators in adult life, supporting the so-called developmental stress hypothesis ). This effect did not occur in all years, but once established led to repeatable differences in innovativeness over long periods of an individual's life . Although these studies suggest that innovativeness may arise as the result of a highly competitive environment during adult or natal life, the functional implications of innovativeness for adult life are unclear. One of the few studies to have linked problem solving performance to natural behavioral patterns found a positive correlation between innovativeness and foraging efficiency in great tits during key periods of nestling development (Cole et al. 2012 ; but see also Cauchard et al. 2013) . Solvers may have employed alternative search patterns or handling skills, allowing them to forage over smaller areas and for shorter durations without compromising diet quality (Cole et al. 2012) . Future studies should aim to build on these results, as such links are critical for understanding the extent to which variation in innovativeness reflects alternative behavioral strategies within populations.
Cross contextual consistency in innovativeness
It has been suggested that individual differences in associative learning mediated by a perceptual motor feedback loop is a likely cognitive mechanism underlying innovative string-pulling and lever pulling behavior (Taylor et al. 2010; Cole et al. 2011) . Contact with a functional part of the device causes the reward item to move and repeating these behaviors increases the likelihood of an individual accessing the rewards. Individual variation in solving performance is thought to be driven by solvers being better at learning the association between their behavioral patterns and the reward movement caused by their behavior (Cole et al. 2012) . Given that other studies have shown that innovative problem solvers in captivity were also faster learners during an entirely different color association task in the wild (Morand-Ferron et al. 2015) , it seems that differences in cognitive ability is a likely factor underlying innovativeness (Reader et al. 2016) . However, evidence also suggests that individual innovativeness is highly plastic (Overington et al. 2009; . In this experiment, we found no evidence of a relationship between lever pulling success in isolation and string-pulling success in dyads during trial three of the experiment, when a much smaller proportion of individuals problem solved. Non-solvers in isolation took twice as long to solve the string-pulling task as solvers. These results mirror those of another great tit study population, where solvers in captivity solved similar but non-identical devices twice as fast when in the wild . The lack of solving consistency across tasks in the current study did not seem to be due to variation in a neophobic response to the novel device (Griffin and Guez 2014) , because the order of arrival at the string-pulling device was not significantly related to solving success in isolation. Persistence, measured as the number of times an individual interacted with the string-pulling device in trial, did correlate positively and significantly with string-pulling success in the same trials, agreeing with other studies that have found increased problem solving success with higher levels of engagement with a task Thornton and Samson 2012; Cauchard et al. 2013; reviewed in Griffin and Guez 2014) .
The captive environment may also unduly influence the outcomes of behavioral studies (Calisi and Bentley 2009) , as individual specific stress responses can alter how subjects respond to stimuli, including locomotor activity levels (Belthoff and Dufty 1998; Breuner et al. 1998 ) and food seeking behaviors (Landys et al. 2006 ). Monitoring food intake prior to and during the initial problem solving trials in isolation, we found that individuals that completed the lever pulling task successfully had similar foraging patterns during this period to those that did not succeed. Likewise, birds that had longer to habituate to the captive environment were not statistically significantly more likely to complete the task. We would argue that this indicates that outcomes of the lever pulling trial were not driven primarily by individual stress response to the captive environment. Similarly, in trial 2, locomotor activity in the observation room was unrelated to feeding behavior (time spent on the feeder) and problem solving performance. Behaviors that can be associated with stress response (increased or reduced movement), did not vary with food seeking. Although the stress involved with capture, handling and transport undoubtedly influences behavior in captivity, the captive environment also allows experimental control of a number of critical environmental stressors associated with trials in the wild. This includes predation risk, interference through social competition and energy demands associated with variable climatic conditions (reviewed in Morand-Ferron et al. 2015) . However several traits linked to stress were not linked to problem solving performance (e.g. activity levels, food intake, personality), and therefore we argue that our experimental outcomes were not driven by obvious individual differences in stress response to the captive environment.
Innovation in a group can lead to a higher risk of aggression from kleptoparasitic members (Morand-Ferron et al. 2006 ) and evidence suggests that the presence of potential aggressors can reduce the probability of an individual innovating (Fragaszy and Visalberghi 1990; Overington et al. 2009 , Cronin et al. 2014 , which may have explained the lack of a correlation between isolation and social contexts. The size of the observation room constrained our ability to minimize interference; a larger experimental chamber with multiple devices at various distances from the peanut feeder may have allowed us to determine if aggression avoidance played a role. In the wild, a lack of physical boundaries could allow innovators to process and consume alternative food items away from more dominant conspecifics, thereby reducing the risk of aggression. Our results indicate the complexities involved in determining the causes and consequences of innovation in a social context. Further experiments are needed to fully understand how individual state and environmental conditions influence the relationship between problem solving performance in isolation and in a social context.
Personality and resource holding potential
Individuals that performed more aggressive behaviors towards their opponents spent longer on the feeder. This link between aggression and an individual's ability to access resources in the presence of competitors is typical of species that compete for limited resources (Begon et al. 2006) , including the great tit (Gosler 1996; Cole and Quinn 2012) , a species in which competitiveness is also thought to be an important correlate of winter survival when foraging on naturally clumped resources such as beech mast (Gosler 1993; Gosler 1996; Nicolaus et al. 2016) . Aggressiveness was also consistent between trials; however, we did not find the predicted positive correlation between exploration behavior and aggressiveness towards the opponent or resource holding potential, traits that are generally thought to form part of a behavioral syndrome in great tits (Verbeek et al. 1994; Carere et al. 2005) .
Several factors may explain our results. Firstly, in contrast with other similar studies on great tits, our experiment was carried out in captivity rather than in the wild (Dingemanse and de Goede 2004; Cole and Quinn 2012), allowing us to control the age and sex of competitors, key determinants of social dominance in this species. Failure to adequately control for these factors experimentally could exaggerate the link between exploration behavior and competitive ability under natural conditions. Secondly, studies indicate that the relationship between exploration behavior and aggressiveness may be context dependent (Dingemanse and de Goede 2004) . Faster exploring great tits have higher dominance ranks, but in unfamiliar environments this relationship is less pronounced or absent (Dingemanse and de Goede 2004) . Thus, one possible explanation is that in a captive environment, the relationship between exploration behavior and competitive ability at the feeder is absent due to unfamiliar surroundings. This may explain why we found no statistically significant correlation here. Thirdly, behavioral syndromes can vary between populations depending on the environmental conditions or past evolutionary processes (Dingemanse et al. 2007) . Exploration behavior and aggression may not form a behavioral syndrome in our population where selection pressures are likely quite different. Compared to the UK and mainland Europe, for example, Ireland has relatively low populations of both the great tit and of its main predator, the sparrowhawk (Balmer et al. 2013 ; O'Shea W, unpublished data), which may lead to lower levels of competition and predation respectively, both of which are likely important determinants of selection on behavioral syndromes (Dingemanse and Wolf 2010) .
To conclude, we present evidence that innovativeness and competitive ability are inversely related in our populations, in accordance with the necessity drives innovation hypothesis. Our experiment demonstrates that innovative behaviors can benefit less successful scramble competitors, by allowing them to circumvent competition and acquire alternative resources. This suggests that innovativeness may facilitate alternative behaviors that have the potential to influence survival or other life history traits linked to fitness. To date, few studies have examined the ecological significance of these behavioral correlations in the wild. We suggest future work should focus on identifying the functional behaviors that may be affected by this relationship across multiple stages of an individual's life history.
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